No animal models replicate the complexity of human depression. However, a number of behavioral tests in rodents are sensitive to antidepressants and may thus tap important underlying biological factors. Such models may also offer the best opportunity to discover novel treatments. Here, we used several of these models to test the hypothesis that the acid-sensing ion channel-1a (ASIC1a) might be targeted to reduce depression. Genetically disrupting ASIC1a in mice produced antidepressant-like effects in the forced swim test, the tail suspension test, and following unpredictable mild stress. Pharmacologically inhibiting ASIC1a also had antidepressant-like effects in the forced swim test. The effects of ASIC1a disruption in the forced swim test were independent of and additive to those of several commonly used antidepressants. Furthermore, ASIC1a disruption interfered with an important biochemical marker of depression, the ability of stress to reduce BDNF in the hippocampus. Restoring ASIC1a to the amygdala of ASIC1a Ϫ/Ϫ mice with a viral vector reversed the forced swim test effects, suggesting that the amygdala is a key site of ASIC1a action in depression-related behavior. These data are consistent with clinical studies emphasizing the importance of the amygdala in mood regulation, and suggest that ASIC1a antagonists may effectively combat depression.
Introduction
Depression remains one of the most disabling medical diseases but the molecular pathways underlying depression are poorly understood, and existing treatments are too often ineffective. Although current therapies reduce depression, they fail to resolve symptoms completely in as many as 50% of cases . Remission rates are even worse for those who have failed initial medication trials (Rush et al., 2006) . Thus, novel treatments are critically needed.
The causes of depression and the mechanisms of action of antidepressants remain poorly understood. Nevertheless, several advances provide a foundation for current understanding of neuroanatomical and neurochemical factors in mood regulation. Multiple brain regions have been implicated, including prefrontal cortex, cingulate, striatum, thalamus, and limbic structures (Soares and Mann, 1997) . The amygdala is interconnected with many of these regions and well positioned to play a central role in mood regulation. Given that the amygdala is also critical for anxiety (Bechara et al., 1995; Kent and Rauch, 2003; Rauch et al., 2003) , it is notable that depression is frequently accompanied by anxiety and panic (Kessler et al., 1998) .
A landmark in understanding depression and treatment came with the discovery of the importance of monoamines (Sulser et al., 1962; Schildkraut, 1995) . Monoamine depletion precipitates depression in susceptible individuals (Young et al., 1985; Benkelfat et al., 1994) and elevating monoamines is the principle cited mechanism of antidepressant action (Sulser et al., 1962; . Another important advance came with the recognition that stress plays a critical role (Selye, 1955; Kessler, 1997) and that the hypothalamic-pituitary-adrenal (HPA) axis is dysregulated in depression (Carroll et al., 1976; Stokes, 1995) . More recently, neurotrophic factors and neuroplasticity have been implicated (Duman, 2002; Nestler et al., 2002) . These foundations provide important insight into depression, and have intensified the pursuit of new molecular targets and therapies (Holtzheimer and Nemeroff, 2006) .
In this study, we explored the contribution of the acid-sensing ion channel-1a (ASIC1a) in depression-related behavior. ASIC1a is a member of the Degenerin/Epithelial Na ϩ Channel family (Waldmann et al., 1997; Welsh et al., 2002; Wemmie et al., 2006 Wemmie et al., , 2008 . ASIC1a is required for acid-evoked currents in central neurons, where it contributes to synaptic plasticity (Wemmie et al., 2002; Cho and Askwith, 2008) and in the regulation of dendritic spines (Zha et al., 2006) . ASIC1a is expressed widely in the central and peripheral nervous systems and is robustly expressed in structures associated with mood including the amygdala, bed nucleus of the stria terminalis, cingulate cortex and nucleus accumbens (Wemmie et al., 2003; Coryell et al., 2007) . Consistent with this pattern of localization, previous studies suggested that disrupting ASIC1a attenuates amygdala activity (Wemmie et al., 2003; Coryell et al., 2007) and ASIC1a knock-out mice exhibited deficits in conditioned and unconditioned fear (Wemmie et al., 2003; Coryell et al., 2007) . Conversely, overexpressing ASIC1a in transgenic mice increased fear conditioning . The role of ASIC1a in neuron plasticity, its distribution in the limbic circuit, and its effects on anxiety-related behavior, suggested the hypothesis that targeting ASIC1a might reduce depression-related behavior.
Materials and Methods
Sucrose preference and chronic mild stress. Sucrose preference was assessed in individually housed, stressed and unstressed mice (Pothion et al., 2004) . Briefly, two bottles (one 8% sucrose and one water) were placed in each cage for 3 d; 2 d to habituate and 1 d to assess sucrose preference. The locations of the bottles were rotated each 24-h period. At the beginning and end of the final 12-h period both bottles were weighed, and sucrose preference was defined as sucrose solution consumed/total liquid consumed ϫ 100%. Unstressed mice only underwent the 3 d sucrose preference assessment. Stressed mice also underwent 6 d of unpredictable stressors in the following order: restraint (3 h), wetted bedding (12 h), restraint (3 h), 45°angle cage tilt (12 h), paired housing with an unfamiliar mouse (1 h), exposure to a predator odor (1 h) (trimethylthiazoline, Pherotech International). Sucrose preference was then assessed during the final overnight period as described above.
Tail suspension test. This test was performed by the Tennessee Mouse Genome Consortium (http://www.tnmouse.org/neuromutagenesis/ behavioral.html). Mice were suspended by the tail from a ledge ϳ60 cm from the ground with adhesive tape. Immobility was defined as the absence of movement and was scored over a 6 -min trial.
Forced swim test. Mice were placed in a 4000 ml beaker filled with 3500 ml of water (25°C) and video taped during a 6 min trial. Immobility time was scored by a blinded experimenter and was defined as absence of motion except that required to keep head above water (Heinrichs and Koob, 2005) . Fluoxetine (3 mg/kg, i.p.), desipramine (2 mg/kg, i.p.), and bupropion (2 mg/kg, i.p.) were each delivered 30 min before the forced swim test (FST). P-chlorophenylalanine methyl ester (PCPA; 300 mg/kg, i.p.) was injected daily for 3 d before the FST (Heurteaux et al., 2006) . PcTx venom, PcTx1 peptide, and A-317567 were injected by intracerebroventricular cannula (described below).
Whole-cell voltage-clamp recordings. Cortical neurons were obtained from 1-2 d old pups and cultured for 8 -14 d as described (Wemmie et al., 2003; Askwith et al., 2004) . Whole-cell voltage-clamp recordings were obtained at 20Ϫ23°C using an Axopatch 200B amplifier and Clampex 8.2 (Axon Instruments) sampled at 200 s interval and filtered at 2 kHz. Extracellular pH was changed with a rapid solution changer (RSC-200; Biologic). Membrane voltage was maintained at Ϫ70 mV. Bath solutions contained (in mM): 100 NaCl, 5.4 KCl, 2 CaCl 2 , 1 MgCl 2 , 10 HEPES, 10 MES, and pH was adjusted with TMA⅐OH. Patch pipettes (3-5 M⍀) contained (in mM): 10 NaCl, 70 K-gluconate, 10 KCl, 1 MgCl 2 , 10 EGTA, 25 HEPES, and 3 Na 2 ATP, adjusted to pH 7.3 with KOH. A-317567 (kindly provided by Drs. Alan Light and Jon Rainier, University of Utah, Salt Lake City, UT) was suspended in 5% DMSO in deionized water for a 10 mM stock and diluted in the bath solutions to a final concentration of 45 M.
Intracerebroventricular surgeries and injections. Intracerebroventricular guide cannulae were implanted into the left lateral ventricle of anesthetized mice (0.3 mm caudal, 1.0 mm lateral, 3.0 mm ventral with respect to bregma) (Coryell et al., 2007) . Cannulae were fixed to the skull with dental cement and an anchoring screw. Two to four days later, 5 l PcTx venom (9 ng/l-24 h before testing), PcTx1 peptide (100 nM-90 min before testing), or A-317567 (1 mM-90 min before testing) in sterile artificial CSF (ACSF) (in mM: NaCl 124, KCL 3, NaH 2 PO 4 1.2, MgSO 4 1.2, CaCl 2 2, NaHCO 3 26) or ACSF alone was injected by hand (over 60 s) using a 10 l Hamilton syringe and PE10 tubing connected to a 30-gauge stainless steel injector. Mice were returned to the home cage until behavioral testing. Animals with misplaced or plugged cannula were excluded from the analyses.
Corticosterone radioimmunoassay. Blood was collected via submandibular gland bleed. For stress measurements, collections occurred 30 min following swim stress (10 min), a described by others (Solich et al., 2008) . For baseline measurements samples were taken from mice in the home cage. All collections occurred between 10:00 -11:00 A.M. Serum was isolated and corticosterone levels were determined using a radioimmunoassay (MP Biomedical).
RNA isolation and real-time PCR. Immediately following 3-hr restraint stress (Smith et al., 1995) , mice were killed, brains were removed and hippocampus was isolated frozen on dried ice and stored at Ϫ80°C until analysis. RNA was isolated using the RNAeasy lipid tissue mini kit (Qiagen). RNA (2 g) was converted to cDNA by reverse transcription with random hexomers. TaqMan Gene expression assay Mm00432069 m1 for the exon 1-2 boundary was used quantify BDNF transcript normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (Applied Biosystems). Reactions were performed in triplicate and assessed using the ABI PRISM 7700 fast sequence detection system.
Production of adeno-associated virus vectors. Viral vectors were produced by the University of Iowa Gene Transfer Vector Core as described previously (Davidson et al., 2000) . The vectors were AAV2/1 chimeric viruses with AAV1 capsids and AAV2 ITRs and contained a CMV promoter driving either ASIC1a or enhanced green fluorescent protein (eGFP). To facilitate the screening of AAV-ASIC1a transduced brain regions we inserted an internal ribosomal re-entry site (IRES) followed by eGFP, downstream from ASIC1a in the AAV-ASIC1a vector; however this produced no detectable eGFP expression (data not shown). Therefore, AAV-eGFP with AAV-ASIC1a vectors were injected together in the experimental group (see below). The AAV-eGFP produced no behavioral effects when injected alone (see Fig. 6 B) .
Surgery and viral injection. Mice were anesthetized and placed in a stereotaxic frame (Kopf). Viral vector injectate was either a combination of 70% AAV-ASIC1a (titer 2.28 ϫ 1013 viral genomes (vg)/ml) and 30% AAV-eGFP (titer 1.78 ϫ 1014 vg/ml) or AAV-eGFP alone. Virus (0.5 l, same for both groups) was infused using a 10 l Hamilton syringe with a 33 gauge blunt tipped needle and a microinjector pump at a rate of 0.2 l/min; the needle rested in position for 5 min postinjection. The injection coordinates were 1.5 mm posterior to bregma, 3.5 mm lateral to the midline, and 4.5 mm the from pia surface. Following injection, incisions were sutured and topical anesthetic was applied to the wound (Bupivicaine, 0.5%). Mice recovered for 14 d before behavioral analysis.
Tissue processing and target verification. Following behavioral analysis, brains were freshly frozen on dry ice and embedded in OCT tissue freezing medium. Coronal slices (10 m) were cut and mounted on slides using the CryoJane cryosectioning system (Electron Microscopy Systems). Slides were then either thawed for immediate eGFP detection and imaging or processed for immunohistochemical detection of ASIC1a as described below. Slides were coverslipped with Vectashield (Vector Laboratories) and visualized with a Zeiss epifluorescence microscope. Images were captured at 10ϫ magnification and compiled using the tiling function to create composite images of coronal hemisections. Borders for the basolateral amygdala (BLA) were defined based on the anatomical landmarks in Paxinos (Paxinos and Franklin, 2001) . Correctly targeted injections (hits) were defined as having fluorescence above background within bilateral BLA. Off target injections (misses) were defined as having fluorescence above background in the temporal lobe but not in both BLA.
ASIC1 immunohistochemistry. Coronal slices (10 m) of fresh frozen brain were cut, mounted on slides using the CryoJane sectioning protocol (Electron Microscopy Sciences), and postfixed in phosphate buffered saline (PBS) with 4% formaldehyde and 4% sucrose for 10 min, followed by 0.25% Triton X-100 in PBS for 5 min at 23°C, and then incubated in affinity purified ASIC1a antibody (Wemmie et al., 2003) (1:50) for 24 h at 4°C. Following PBS wash, sections were incubated with Cy3-coupled anti-rabbit IgG (Jackson ImmunoResearch Labs) 1:200 for 1 h, 23°C. Slices were visualized with a Zeiss epifluorescence microcope (LSM 510 Meta). Images were captured at 10ϫ magnification and compiled using the tiling software function (Zeiss) to create composite image of coronal hemi-sections.
Statistical analysis. Values are expressed as mean Ϯ SEM. t test was used to assess significance in experiments comparing 2-groups. For experiments comprised of multiple factors a two-way ANOVA, with test for interaction, was used (SPSS). One-way ANOVA was used for single factor experiments involving more than two groups. For ANOVA results, planned contrast testing was used to test relationships hypothesized a priori between groups. p values (two-tailed) Ͻ0.05 were considered significant.
Results

ASIC1a disruption reduces depression-related behavior
In rodents, unpredictable chronic mild stress decreases the normal preference for sucrose-containing water versus regular drinking water. This might parallel anhedonia in depression or it might reflect differences in carbohydrate craving in depressed patients. Importantly, most currently available antidepressants block this effect in rats and mice . To explore the possible role of ASIC1a in depression-related behavior, we tested the effects of ASIC1a on sucrose preference before and following chronic mild stress. Under basal conditions, ASIC1a disruption had no effect on the normally strong preference for 8% sucrose (Fig. 1 A) . Unpredictable stress reduced sucrose preference in both ASIC1a ϩ/ϩ and ASIC1a Ϫ/Ϫ mice. However, the loss of ASIC1a attenuated the sucrose preference reduction caused by unpredictable stress.
The tail suspension test and the forced swim test (Cryan and Holmes, 2005; Cryan and Slattery, 2007) also exhibit a high degree of validity for predicting antidepressant effects in people. While medications targeting primarily anxiety such as benzodiazepines produce little effect on the forced swim test (Porsolt et al., 1977) . In addition to their strong predictive validity, these tests might mirror the helplessness and despair of depression. The tail suspension test probes whether mice resist when being suspended by the tail or how readily they give up and hang motionlessly. The forced swim test assesses resistance or immobility in an inescapable pool of water (Cryan and Holmes, 2005; Cryan and Slattery, 2007) . We examined ASIC1a ϩ/ϩ and ASIC1a Ϫ/Ϫ mice in these tests and found that consistent with an antidepressantlike effect, the ASIC1a Ϫ/Ϫ mice had significantly less immobility in the tail suspension test (p ϭ 0.006, t (18) ϭ 3.13; n ϭ 10 per group) and in the forced swim test (Fig. 1 B) . Similar effects were observed in both male and female mice (Fig. 1 B) . Previous studies suggest that animal size, locomotor activity and swimming are normal in the ASIC1a-null mice (Wemmie et al., 2002; Coryell et al., 2007) , so these factors are unlikely to explain the antidepressant-like behaviors.
ASIC1a inhibitors have antidepressant effects
To assess whether the antidepressant-like effects of ASIC1a disruption depend on the chronic loss of ASIC1a and possibly a product of differential brain development, we tested the effects of acutely administering ASIC1a inhibitors. Previous studies showed that venom from the tarantula Psalmopoeus cambridgei contains a peptide PcTx1 that reversibly blocks ASIC1a-mediated currents (Escoubas et al., 2000) and produces effects in mice similar to ASIC1a gene disruption (Xiong et al., 2004; Coryell et al., 2007 ). Therefore, we tested the hypotheses that (1) PcTx1-containing venom and (2) purified PcTx1 peptide would produce antidepressant effects in the forced swim test. We chose to deliver the antagonists to the lateral cerebral ventricle (intracerebroventricularly) to bypass the blood-brain-barrier and to test the CNS as the likely site of action. Relative to vehicle-injected controls, both the venom and purified PcTx1 peptide significantly reduced immobility time (Fig. 2 A, B) . As a control for specificity, we also tested the effects of PcTx venom and purified peptide in ASIC1a Ϫ/Ϫ mice, and found no effect. We also tested a small molecule inhibitor, A-317567, an amiloride-like compound (Dubé et al., 2005) . Previously, A-317567 blocked ASIC-like currents in cultured dorsal root ganglion neurons (Dubé et al., 2005 ). Here we found that A-317567 also blocked acid-evoked currents in cultured cortical neurons (Fig. 2C) . A-317567 reversibly blocked currents evoked by pH 6, which are mediated by ASIC1a-containing channels (Wemmie et al., 2002; Askwith et al., 2004) . To test whether this small molecule inhibitor also produced antidepressant effects by blocking ASIC1a, we administered A-317567 (5 l, 1 mM, i.c.v.) to ASIC1a ϩ/ϩ and ASIC1a Ϫ/Ϫ mice and assessed behavior in the forced swim test. Similar to the antidepressants, A-317567 reduced immobility in ASIC1a ϩ/ϩ mice (Fig. 2 D) . However no effect was observed in the ASIC1a Ϫ/Ϫ mice. Thus, with acute administration ASIC antagonists produce ASIC1a-dependent antidepressant-like effects. Ϫ/Ϫ CMS-(n ϭ 12), ASIC1a ϩ/ϩ CMS ϩ (n ϭ 6), ASIC1a Ϫ/Ϫ CMSϩ (n ϭ 5)]. Planned contrast testing also revealed a significantly greater sucrose preference in the ASIC1a Ϫ/Ϫ mice in the stressed condition (*p ϭ 0.003, t (33) ϭ 3.22). B, ASIC1a disruption reduced immobility in the FST [*p Ͻ 0.001, t (47) ϭ 7.30; ASIC1a ϩ/ϩ (n ϭ 28), ASIC1a
Ϫ/Ϫ (n ϭ 21)]. ASIC1a disruption produced similar effects in female and in male mice in the FST; two-way ANOVA found no effect of gender and no gender by genotype interaction (F Ͻ1).
Monoamine reuptake inhibitors do not require ASIC1a for antidepressant effects Considering whether current antidepressants and ASIC1a inhibitors act through related mechanisms, we explored whether monoamine reuptake inhibitors depend on ASIC1a; if so, then they should have no effect or a diminished effect in the ASIC1a-null mice. We tested 3 antidepressants; fluoxetine (3 mg/kg, i.p.), desipramine (2 mg/kg, i.p.), and bupropion (2 mg/kg, i.p.), which target the serotonin, norepinephrine, and dopamine systems respectively. Each drug was delivered 30 min before the forced swim test. As expected, each of these antidepressants reduced immobility in ASIC1a ϩ/ϩ mice (Fig. 3A-C) . Moreover, they also reduced immobility in the ASIC1a Ϫ/Ϫ mice. Because some bupropion doses increase locomotor activity (David et al., 2003) and might confound forced swim mobility, we tested 2 mg/kg, intraperitoneal bupropion on activity in the open field for 30 min as described (Coryell et al., 2007) . Consistent with others' results (David et al., 2003) , this bupropion dose did not significantly increase activity (ASIC1a ϩ/ϩ saline ϭ 8024 Ϯ 726 (mean beam breaks Ϯ SEM), bupropion ϭ 8130 Ϯ 460; ASIC1a Ϫ/Ϫ saline ϭ 6631 Ϯ 743, bupropion ϭ 6873 Ϯ 800; n ϭ 3-4 per group). Two-way ANOVA indicated no drug effect (F Ͻ1), no genotype effect (F (1,10) ϭ 3.78, p Ͼ 0.05), and no interaction (F Ͻ1). Thus, the antidepressant actions of these medications are unlikely to depend on ASIC1a.
Serotonin depletion does not alter the antidepressant effects of ASIC1a inhibition
Selective serotonin reuptake inhibitors (SSRIs) are the most widely used antidepressants; therefore we wanted to further test whether the behavioral effects of ASIC1a blockade in ASIC1a ϩ/ϩ mice depend on serotonin signaling. We depleted serotonin with the tryptophan hydroxylase inhibitor P-chlorophenylalanine (PCPA). Though PCPA does not increase depression-like behavior, it blocks the antidepressant effects of fluoxetine and other serotonin reuptake inhibitors in the forced swim test and in other animal models of depression (Heurteaux et al., 2006) . We reasoned that if serotonin is necessary for the antidepressant effect of ASIC1a blockers, then like fluoxetine, ASIC1a inhibitors should be sensitive to serotonin depletion. Mice were given intraperitoneal injections of PCPA (300 mg/kg, daily, 3 d) or vehicle control (saline, daily, 3 d). We then injected fluoxetine (3 mg/kg, i.p.) or PcTx (5 l, 9 ng/ml, i.c.v.) and antidepressant activity was assessed. Consistent with previous reports, PCPA prevented the fluoxetine effects in the forced swim test (Fig. 4 A) . In contrast, PCPA had no effect on the antidepressant-like responses to PcTx1 or ASIC1a disruption (Fig. 4 B) . These data suggest that PcTx1 and ASIC1a disruption produce antidepressant effects through mechanisms different from fluoxetine.
Stress-evoked corticosterone responses are normal in the ASIC1a
؊/؊ mice Stress stimulates corticosterone release from the adrenal glands. Furthermore, HPA axis dysfunction has long been implicated in the etiology of depression (Selye, 1955; Carroll et al., 1976; Stokes, 1995) . Therefore we assessed serum corticosterone levels in ASIC1a ϩ/ϩ and ASIC1a Ϫ/Ϫ mice at baseline and following swim stress. We found that stress similarly stimulated corticosterone release in both genotypes (Fig. 5A) , suggesting that ASIC1a disruption does not attenuate the corticosterone response.
Stress-evoked BDNF reduction depends on ASIC1a
Brain derived neurotrophic factor (BDNF) plays a prominent role in current theories of depression (Dranovsky and Hen, 2006; Sahay et al., 2007) . Stress alters the expression of BDNF in several brain regions including the nucleus accumbens and amygdala (Aguilar-Valles et al., 2005; , and BDNF in the hippocampus has emerged as an important biological marker of depression; stress reduces BDNF in the hippocampus and antidepressants block the effect (Smith et al., 1995; Duman et al., 1997) . Therefore, to explore whether ASIC1a disruption altered BDNF expression or affected the stress response, we measured BDNF mRNA levels in the hippocampus by quantitative PCR (qPCR) at baseline and following restraint stress. Consistent with findings by others (Duman and Monteggia, 2006) , restraining wild-type mice reduced BDNF expression in the hippocampus (Fig. 5 B, C) . In the ASIC1a Ϫ/Ϫ mice, BDNF levels were slightly lower at baseline (Fig. 5B) . Strikingly, stress did not reduce BDNF levels in the ASIC1a-null mice. Thus, like antidepressant therapies, ASIC1a disruption prevented the ability of stress to lower BDNF in the hippocampus.
Restoring ASIC1a in the amygdala eliminates the antidepressant-like phenotype in ASIC1a-null mice Because ASIC1a is robustly expressed in the amygdala and the amygdala has been implicated in human depression (Soares and Mann, 1997; Drevets, 2000) , we wondered to what degree ASIC1a activity in the amygdala might contribute to depression-related behavior. We developed an adeno-associated virus (AAV) vector to target ASIC1a expression to the amygdala of ASIC1a-null mice (Coryell et al., 2008) and assessed the effect in forced swim test (Fig. 6 A, B) . Restoring ASIC1a expression in the basolateral amygdala increased immobility in the ASIC1a Ϫ/Ϫ mice to wildtype levels (Fig. 6 B) . In contrast, AAV-eGFP injections and AAVASIC1a injections that missed the basolateral amygdala had no effect. Although, this technique is not precise enough to tell us exactly what cells are responsible, these results suggest that the amygdala is a key site of ASIC1a action in this depression-related behavior. ϩ/ϩ mice, the antidepressant-like effects of ASIC1a antagonist occur independent of serotonin. A, Depleting serotonin with the tyrosine hydroxylase inhibitor PCPA eliminated fluoxetine effects in the forced swim test [untreated (n ϭ 15), ϩfluoxetine (n ϭ 6), ϩfluoxetine ϩPCPA (n ϭ 3)]. One-way ANOVA revealed a significant overall effect ( p Ͻ 0.05, F (2,21) ϭ 4.50). Planned contrast tests showed that fluoxetine decreased immobility compared with untreated mice (*p ϭ 0.009, t (21) ϭ 2.89). However, mice treated with both fluoxetine and PCPA did not differ significantly from untreated controls ( p ϭ 0.884, t (21) ϭ -0.141). B, ASIC1a antagonist PcTx1 continued to produce antidepressant-like effects following serotonin depletion [untreated (n ϭ 11), ϩPCPA (n ϭ 9), ϩPcTx1 (n ϭ 4), ϩPcTx1 ϩPCPA (n ϭ 8)]. One-way ANOVA revealed a significant overall effect ( p Ͻ 0.001, F (3,28) ϭ 8.60). Planned contrast tests revealed a significant reduction in immobility in both PcTx1-treated groups compared with untreated controls (*p Ͻ 0.001) and in both ASIC1a Ϫ/Ϫ groups relative to untreated ASIC1a ϩ/ϩ controls (*p Ͻ 0.05). The PCPA-treated ASIC1a Ϫ/Ϫ mice did not differ from untreated ASIC1a Ϫ/Ϫ mice ( p ϭ 0.59).
Figure 5. ASIC1a Ϫ/Ϫ mice have normal stress-evoked corticosterone responses, but BDNF reduction depends on ASIC1a. A, Swimming-induced stress significantly increased corticosterone levels in both genotypes [ASIC1a ϩ/ϩ unstressed (n ϭ 12), ASIC1a ϩ/ϩ stressed (n ϭ 13), ASIC1a
Ϫ/Ϫ unstressed (n ϭ 11), ASIC1a Ϫ/Ϫ stressed (n ϭ 12)]. Two-way ANOVA revealed a significant effect of stress ( p Ͻ 0.001, F (1,44) ϭ 146), but not genotype (F Ͻ1), and no interaction (F Ͻ1). Stress significantly increased corticosterone in both genotypes (*p Ͻ 0.001). B, C, Restraint stress reduced BDNF mRNA in the hippocampus of ASIC1a ϩ/ϩ mice [unstressed (n ϭ 7), stressed (n ϭ 7)] but not in ASIC1a Ϫ/Ϫ mice [unstressed (n ϭ 8), stressed (n ϭ 7)]. BDNF mRNA was assessed by real-time PCR. BDNF detection threshold normalized to GAPDH (⌬ Ct) (B) and BDNF levels are plotted as fold change in stressed mice relative to baseline (C). Two-way ANOVA with interaction revealed a significant overall model ( p Ͻ 0.05, F (3,25) ϭ 4.10), and a significant stress by genotype interaction ( p Ͻ 0.05, F (1,25) ϭ 7.11). Planned contrast tests found a significant effect of stress in ASIC1a ϩ/ϩ mice (*p ϭ 0.002), but not in ASIC1a Ϫ/Ϫ mice ( p ϭ 0.826).
Discussion
Loss or inhibition of ASIC1a produced antidepressant-like effects in multiple depression-related behaviors. Although the relationship between these behavioral models and the pathophysiology of depression are not well elucidated, the strong predictive validity of these models suggests that ASIC1a antagonists may have similar antidepressant effects in humans (Cryan and Slattery, 2007) . The antidepressant-like effect was observed whether we manipulated ASIC1a genetically or with peptide and small molecule inhibitors, suggesting that both chronically and acutely interrupting ASIC1a produce similar effects. Strengthening the likelihood that the antidepressant effects of PcTx1 and A-317567 were mediated through ASIC1a, these ASIC1a antagonists produced no effect in the ASIC1a-null mice. Despite extensive investigation, the mechanism of action of current antidepressant therapies and the pathophysiological causes of depression remain elusive. Thus it is difficult to place ASIC1a in relevant pathways. However, identifying ASIC1a as a possible target in depression raises the intriguing possibility that ASIC1a might modulate depression through novel mechanisms. Here, we explored three possible pathways by which ASIC1a might affect depression-related behavior: (1) HPA axis function, (2) BDNF regulation, and (3) monoamine signaling. Stressevoked HPA activation measured by corticosterone release appeared normal in the ASIC1a-null mice. However, BDNF reduction in the hippocampus during stress depended on ASIC1a. This raises an intriguing mechanism that may help explain how ASIC1a contributes to depression-related behaviors and how inhibiting ASIC1a attenuates effects of stress. Emotional stress precipitates and can worsen depression, and it is well established that stress reduces BDNF mRNA in the hippocampus (Martinowich et al., 2007) . Conversely, current antidepressants, including electroconvulsive therapy, reverse the stress-mediated BDNF decreases (Duman and Monteggia, 2006; Ploski et al., 2006) , suggesting a compelling role for hippocampal BDNF in depression and in treatment. Recently it has been suggested that stress alters BDNF in other brain regions and that this may play a critical role in depression (Aguilar-Valles et al., 2005; ; it will be interesting to learn whether ASIC1a is involved in these changes. In addition, the association between ASIC1a and BDNF suggests a novel way by which ASIC1a might exert some of its other diverse effects. Our previous studies implicated ASIC1a in synaptic plasticity (Wemmie et al., 2002) , dendrite morphology (Zha et al., 2006) and in neurodegenerative processes (Xiong et al., 2004; Friese et al., 2007) , all of which are affected by BDNF.
The mechanisms by which stress lowers hippocampal BDNF are complex and thus remain elusive. Up to nine distinct promoters drive the expression of multiple gene products and spliced isoforms with epigenetic mechanisms also playing an important role Martinowich et al., 2007; Lubin et al., 2008; Tabuchi, 2008) . Pathways that are both corticosteronedependent and independent have been implicated in BDNF regulation by stress (Kessler, 1997; . The corticosterone-independent processes observed in adrenalectomized animals are particularly ambiguous (Hansson et al., 2006) . The normal corticosterone response in the ASIC1a-null mice observed here may point to a role for ASIC1a in corticosteroneindependent mechanisms.
Because most antidepressants target monoamine signaling, we explored whether ASIC1a loss or inhibition produced effects through monoamine pathways. We found that depleting serotonin, the most common treatment target, did nothing to lessen the antidepressant action of ASIC1a inhibition. Moreover, inhibitors of serotonin, norepinephrine, and dopamine reuptake produced antidepressant-like effects independent of ASIC1a. ASIC1a interruption produced effects that were additive to those of monoamine reuptake inhibitors, suggesting that ASIC1a inhibitors ϩ/ϩ (n ϭ 11), uninjected ASIC1a Ϫ/Ϫ (n ϭ 9), AAV-ASIC1a-Hit (n ϭ 7), AAV-ASIC1a-Miss (n ϭ 6), AAV-GFP (n ϭ 6)]. One-way ANOVA revealed a significant effect of group ( p Ͻ 0.001, F (4,34) ϭ 19.3). Planned contrast testing found that restoring ASIC1a expression to the BLA increased immobility in ASIC1a Ϫ/Ϫ mice relative to the other ASIC1 Ϫ/Ϫ groups (*p Ͻ 0.001), and to levels not significantly different from ASIC1a ϩ/ϩ mice ( p ϭ 0.464). As observed in the earlier experiments, the ASIC1a ϩ/ϩ mice had significantly increased immobility relative to uninjected ASIC1a Ϫ/Ϫ mice (*p Ͻ 0.001).
might produce added benefit when combined with these currently available therapies. By suggesting a different mechanism of action, these observations further suggest that ASIC1a inhibitors might be effective in people who do not respond to monoamine reuptake inhibitors or who cannot tolerate the side effects. It has long been speculated that amygdala hyperactivity is a key component in the pathogenesis of depression (Drevets et al., 1992) in that the amygdala is thought to be critical for vigilance and negative emotion (Davis and Whalen, 2001) . Several studies have detected changes in amygdala volume (Frodl et al., 2002; Lange and Irle, 2004) and functional imaging has revealed increases in amygdala activity in depressed patients. Increased amygdala blood flow and glucose metabolism correlate with greater illness severity and recurrence (Drevets et al., 2008) . The role of the amygdala in these rodent models of depression-related behavior is less well established; however the ability of viral vectors driving ASIC1a expression in the amygdala to restore forced swim behavior to normal levels in the ASIC1a-null mice suggests that this structure plays a key role. Other amygdala manipulations have similarly produced antidepressant-like effects in the forced swim test in rats (Duncan et al., 1986; Salomé et al., 2006) . Consistent with the amygdala as a site of ASIC1a action, our previous studies suggest c-Fos expression in the BLA is impaired by ASIC1a disruption (Coryell et al., 2007 (Coryell et al., , 2008 . Thus, ASIC1a inhibitors may combat depression by reducing amygdala activity. Because of the importance of the amygdala in negative emotions and fear, we speculate that reducing amygdala activity reduces the emotional burden of stressors like the forced swim test; thus reducing helplessness and other stress-evoked depression-related behaviors. The involvement of an acid-activated channel suggests that endogenous pH fluctuations may occur in the amygdala during emotional stress. This is the first study exploring ASIC1a inhibition on depression-related behavior. However, a previous genetic study in humans investigated the possible link between polymorphisms in the ASIC1a-encoding gene and major depression and anxiety disorders (Hettema et al., 2008) . That study found a possible association between a specific haplotype of the ASIC1a-containing locus and major depression (463 cases), although the data were only marginally significant ( p ϭ 0.045, uncorrected for multiple tests). Nevertheless, our observations suggest additional studies might be in order to further investigate the possible association between ASIC1a and the causes of human depression.
